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We report on terahertz spectroscopy of quantum spin dynamics in α-RuCl3, a system proximate
to the Kitaev honeycomb model, as a function of temperature and magnetic field. An extended
magnetic continuum develops below the structural phase transition at Ts2 = 62 K. With the onset of
a long-range magnetic order at TN = 6.5 K, spectral weight is transferred to a well-defined magnetic
excitation at h¯ω1 = 2.48 meV, which is accompanied by a higher-energy band at h¯ω2 = 6.48 meV.
Both excitations soften in magnetic field, signaling a quantum phase transition at Bc = 7 T where
we find a broad continuum dominating the dynamical response. Above Bc, the long-range order
is suppressed, and on top of the continuum, various emergent magnetic excitations evolve. These
excitations follow clear selection rules and exhibit distinct field dependencies, characterizing the
dynamical properties of the field-induced quantum spin liquid.
Quantum spin liquids (QSLs) are exotic states of mat-
ter in which quantum fluctuations prevent conventional
magnetic long-range order even at the lowest tempera-
tures. The ground states of QSLs are highly-entangled
and albeit disordered, can exhibit well-defined quasipar-
ticles which are non-local and fractionalized [1, 2]. The
Kitaev honeycomb model [3] is a representative example
for the existence of a QSL, which hosts fractionalized Ma-
jorana fermions and flux excitations. Moreover, bound
states of the fractional excitations and excitations of non-
Abelian type can occur when the time-reversal symmetry
is broken [4–6], e.g, by applying an external magnetic
field. Also, as this model is exactly solvable and thus
provides quantitative understanding for the ground state
as well as for the dynamical response of the QSL [3, 7],
significant experimental efforts have been motivated to
realize the QSL and to search for its unconventional ex-
citations.
Strong spin-orbit couplings together with a proper
crystal electric field are important ingredients for real-
izing the Kitaev honeycomb model in magnetic insula-
tors [8]. Based on 5d or 4d ions with strong spin-orbit
coupling, a Mott insulator with an effective spin-1/2
localized on a honeycomb lattice has been realized in
the iridates [9] and recently in α-RuCl3 [10–14]. In α-
RuCl3, besides the significant Kitaev term [15, 16] that
accounts for the bond-dependent Ising exchanges, other
interactions, especially the Heisenberg and off-diagonal
exchange interactions, have been suggested to be respon-
sible for the magnetic zigzag order below TN = 6.5 K and
for the observed sharp spin-wave-like excitations [17–22].
To realize a QSL in α-RuCl3, obviously the long-range
zigzag order has to be suppressed, e.g. by tuning the ex-
ternal parameters, such as pressure [23, 24] or magnetic
field [11, 25–29]. When the external magnetic field is
applied in the crystallographic ab plane of α-RuCl3, the
magnetic zigzag order is suppressed at about Bc = 7 T,
with the emergence of a field-induced disordered phase,
a putative QSL. However, whether the elementary spin
excitations are gapped or gapless, which is important
for identifying a QSL [1], is still under debate for the
field-induced disordered phase in α-RuCl3 [27, 28], since
a direct probe of the magnetic excitations in the disor-
dered phase is missing. Moreover, the existence of exotic
quasiparticles is yet to be proven for the time-reversal
symmetry-broken phase in the applied magnetic field.
Here, by performing terahertz (THz) spectroscopy as a
function of temperature and magnetic field, we are able to
directly reveal the quantum spin dynamics in the differ-
ent phases of α-RuCl3. We resolve a magnetic continuum
at zero field, which develops below the structural phase
transition at Ts2 = 62 K. Across the magnetic ordering
temperature TN = 6.5 K, the spectral weight of the con-
tinuum is partially shifted to two magnetic excitations.
As a function of magnetic field applied in the crystallo-
graphic ab plane, we provide spectroscopic evidence for a
field-induced quantum phase transition at Bc = 7 T. Ap-
proaching Bc from below, the two magnetic excitations
soften and we observe a remarkably broad continuum just
at the critical field. Above Bc, various magnetic excita-
tions show up signaling the opening of a spin gap. The
hierarchy and distinct field dependencies of the emergent
excitations characterize the dynamical properties, which
could be viewed as a signature of many-body interac-
tions and/or bound states of fractionalized excitations
[4–6] in the field-induced QSL. Our experimental results
also reveal a clear polarization dependence of these exci-
tations, establishing a comprehensive characterization of
the quantum spin dynamics of the QSL.
High-quality single crystals of α-RuCl3 were grown us-
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Figure 1. Absorption coefficient α as a function of tem-
perature T for the photon energies (a) h¯ω1 = 2.48 meV
and (b) h¯ω2 = 6.38 meV, respectively, measured with the
THz wave vector perpendicular to the crystallographic ab
plane of α-RuCl3. Clear hysteresis is revealed at the struc-
tural phase transitions between the low-temperature rhom-
bohedral and the high-temperature monoclinic phases. Solid
lines are guides for the eyes. The structural phase bound-
aries are indicated by the dashed lines at Ts2 = 62 K and
Ts1 = 166 K, and the magnetic phase transition by the dot-
ted line at TN = 6.5 K.
ing a vacuum sublimation method [16] and have been
characterized by various techniques [14, 25, 30, 31]. The
samples for the optical experiments have a typical ab
surface of 5 × 3 mm2 and a thickness of 1 mm. Time-
domain THz transmission measurements were performed
with the THz wave vector k perpendicular to the crystal-
lographic ab plane, for 4–300 K in the spectral range 0.1–
3.3 THz using a TPS Spectra 3000 spectrometer (Ter-
aView Ltd.). Time domain signals were obtained for ref-
erences (empty apertures) and samples, from which the
power spectra could be evaluated via Fourier transforma-
tion. Field dependent THz absorption experiments were
carried out in Voigt configuration, i.e. k ⊥ B, with a
magneto-optic cryostat equipped with a 17 T supercon-
ducting magnet. The absorption spectra were recorded
using a Sciencetech SPS200 Martin-Puplett type spec-
trometer with a 0.3 K bolometer and a rotatable polarizer
in front of the sample.
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Figure 2. (a) Ratio of transmission as obtained at 4.5 K
(T < TN) and 7 K (T > TN ) as a function of photon energy
in α-RuCl3. Two dips appear below TN = 6.5 K at h¯ω1 =
2.48 meV (mode M1) and h¯ω2 = 6.38 meV (band M2), as
marked by the arrow and asterisk, respectively. (b) Evolution
of absorption-coefficient spectra with decreasing temperature
below Ts2, where the 60 K spectrum is taken as a reference.
A broad continuum extending over the whole spectral range
evolves with decreasing temperature down to TN . Below TN ,
the spectral weight transfers to lower frequency with a sharp
peak developed at h¯ω1. The oscillations are due to multiple
interference at the sample surfaces.
THz response of α-RuCl3 exhibits a very anomalous
temperature dependence. Figure 1 shows the absorp-
tion coefficient as a function of temperature measured
by heating and cooling the sample, for the photon ener-
gies h¯ω1 = 2.48 meV and h¯ω2 = 6.38 meV [see Fig. 2(a)].
For both frequencies we observe a markedly strong hys-
teresis between the heating and cooling curves for the
temperature range from Ts2 = 62 K to Ts1 = 166 K.
This confirms the structural transition between the high-
temperature monoclinic and the low-temperature rhom-
bohedral phases [14, 27, 30, 31], and also indicates that
above Ts2 the THz response mainly reflects strong struc-
tural fluctuations.
THz spectroscopy is sensitive to dynamical response
in the vicinity of the Γ point, where inelastic neutron
scattering experiments have revealed a broad continuum
of magnetic quasiparticles up to 120 K [16, 19]. The
3evolution of this continuum with temperature was com-
pared to an expected temperature dependence of the
continuum of fractional Majorana fermions in the Ki-
taev model [16, 32]. To avoid the complication of the
structural fluctuations above Ts2, we show in Fig. 2(b)
the absorption spectra below Ts2 with the spectrum of
60 K taken as a reference. It has been indicated by
other experimental techniques that below this temper-
ature, an evident magnetic-field dependent behavior de-
velops [27, 29]. Compared to the inelastic neutron scat-
tering results, the THz spectroscopy reveals here a similar
broad continuum extending over the spectral range up to
9 meV. With decreasing temperature the continuum de-
velops rapidly and exhibits a broad maximum with the
maximum position shifting to lower frequency. At 6 K
(below TN), the continuum is slightly reduced and the
spectral weight is transferred to an excitation appearing
at about 2.5 meV. The transfer of spectral weight to lower
energies becomes more evident at lower temperatures. As
seen from the 4.5 K spectrum, a very sharp peak shows
up at 2.48 meV, while the continuum with maximum at
5–6 meV is strongly suppressed. This behavior is also
clearly displayed in Fig. 1. While the absorption coeffi-
cient at 2.48 meV increases below TN , it drops slightly
around 6.38 meV.
To unambiguously identify the magnetic excitations,
we calculate the ratio of transmission as measured at
4.5 and 7 K, below and right above the magnetic or-
dering temperature. As shown in Fig. 2(a), the ratio
of transmission exhibits a sharp dip at 2.48 meV (mode
M1) and a shallow minimum around 6.38 meV (band
M2). Both modes, with frequencies comparable to the
magnetic excitations determined in the inelastic neutron
scattering experiments [16, 19], have been captured by
recent exact-diagnolization calculations [20] of a model
guided by ab-initio studies [21, 33–35], where in addition
to the Kitaev interactions, the off-diagonal couplings are
included together with the nearest- and third-neighbour
Heisenberg exchange interactions. However, the nature
of the two modes remains unsettled. The lower-lying
mode M1 with a sharp absorption line, ascribed to the
antiferromagnetic resonance in Ref. [36], corresponds to
the single-magnon branch at the Γ point in the calcula-
tions [20]. In contrast, the band M2 at higher energies
is rather broad and weak. This mode may correspond to
the higher-energy mode with small intensity in the linear
spin-wave theory [20]. Since M1 and M2 arise below the
antiferromagnetic phase transition, they should charac-
terize the dynamical response of the zig-zag order below
TN . Above TN , the modes M1 and M2 transfer their
spectral weight to the continuum as observed in the THz
spectra [Fig. 2(b)]. The temperature dependence of the
continuum is consistent with the results of the neutron
scattering study [16, 19], which has been discussed in the
context of the Kitaev honeycomb model [19, 32]. Alter-
natively, since the non-Kitaev terms are also important
for α-RuCl3 [18, 20], one may speculate that this ex-
perimentally resolved continuum could be a two-magnon
continuum, which can be excited due to the anharmonic
terms of the magnon interactions [20].
Figures 3(a) and 3(b) show the absorption spectra as
a function of an external magnetic field applied in the ab
plane, for the THz magnetic field hω ‖ B and hω ⊥ B,
respectively. The spectra at 10 K in zero field are taken
as the respective reference. For hω ‖ B, the lower-lying
mode M1,‖ softens and becomes sharper in finite fields,
together with the softening of the broad band M2,‖ [see
Fig. 3(c)]. At the critical field Bc = 7 T, the dynamical
response is dominated by a broad continuum, extending
over the whole resolvable spectra range (with the oscilla-
tions resulting from multiple interference at the sample
surfaces). On further increasing field, the broad contin-
uum shifts to higher energies with three new excitations
appearing. At 9 T, the three excitations are observed at
2.7, 4.4, and 8.1 meV, denoted by L1,‖, L2,‖, and L3,‖,
respectively, and they can be well tracked and shift to
higher energies with increasing magnetic field. While the
two lower-lying modes L1,‖ and L2,‖ are well-defined and
become narrower in higher fields, the high-energy exci-
tation L3,‖ is a broad band and shifts out of the spec-
tral range above 12 T. Due to the broad-band nature
and small intensity, L3,‖ cannot be fully resolved, thus it
could also be the higher-energy flank of the continuum,
which shifts to higher energies in the magnetic fields.
The field dependence of these modes and the emergent
continuum is represented in the contour plot of Fig. 3(c).
The softening feature close to the critical field indicates
that the spin gap is closed and another one is reopened,
in agreement with the results obtained from other meth-
ods [26, 27, 29]. A very interesting feature of the field-
induced disordered phase is the linear field dependence
of the lower-lying mode L1,‖. As shown in Fig. 3(c) this
mode follows h¯ω = h¯ω0 + g
∗µBB∆S with an apparent
g-value of g∗ = 11.1(1) and the Bohr magneton µB , as-
suming a magnetic-dipole transition, i.e. ∆S = 1. This
suggests that a spin gap opens linearly with the magnetic
field for the sector of the dynamical structure factor cor-
responding to hω ‖ B. The linear opening of the spin
gap is a feature expected for models beyond the Kitaev
limit [37]. The apparent g∗-factor revealed here is sig-
nificantly larger than the value of gab = 2.5 estimated
from the magnetization measurements [11] or gab = 2.27
from the x-ray magnetic circular dichroism experiments
[38], which is a reminiscence of the existence of bound
states and many-body interactions in the QSL, as for the
Heisenberg spin-1/2 chains [39, 40].
For hω ⊥ B [Fig. 3(b)], approaching the critical field
from below, the lower-lying mode M1,⊥ first slightly hard-
ens and then softens, while the band M2,⊥ softens mono-
tonically. At the critical field, the spectrum is again
dominated by a broad continuum extending the whole
spectral range. Above Bc one can identify three modes:
4Figure 3. THz absorption spectra of α-RuCl3 measured at 2.4 K below and above the critical field Bc = 7 T for (a) the THz
magnetic field parallel (hω ‖ B) and (b) perpendicular to the external magnetic field (hω ⊥ B), respectively, with the spectra
of 10 K taken as references. The spectra are shifted vertically by a constant for clarity. The arrows indicate the low-energy
magnetic excitations with sharp absorption lines, while the asterisks mark the high-energy excitations that are rather broad.
At the critical field, a broad continuum is observed which extends over the whole spectral range. Above Bc, various excitations
emerge on the top of the continuum. (c)(d) Contour plot of the absorption coefficient as a function of field and photon energy
for hω ‖ B and hω ⊥ B. The symbols correspond to the peak positions of the low-energy modes and the maximum positions
of the high-energy bands in (a) and (b). For the broad bands, the linewidths are indicated by the error bars. Above Bc,
for hω ‖ B the lower-lying mode L1,‖ follows a linear field dependence with an apparent g value of g
∗ = 11.1(1) assuming a
magnetic-dipole excitation [solid line in (c)], while for hω ⊥ B the field dependence of the higher-lying mode L2,⊥ is described
by the linear Zeeman term with g∗ = 10.2(2) [solid line in (d)]. The vertical dashed line marks the critical field Bc = 7 T.
the two low-lying sharp modes L1,⊥ and L2,⊥, and the
higher-energy band L3,⊥, emerging on top of the con-
tinuum and shifting to higher energy together with the
continuum. Both of the two lower-lying modes become
sharper with increasing field, while the band L3,⊥ re-
mains broad and thus could merely be a feature of the
continuum shifting in the magnetic field, similar as for
L3,‖. In addition, the continuum is suppressed in high
fields and the spectral weight is transferred to the low-
lying modes. In the contour plot of Fig. 3(d) one can
readily see these field-dependent features.
The emergent magnetic excitations and continuum of
the field-induced QSL exhibit clear contrast between
h
ω ⊥ B and hω ‖ B. Both the eigenenergies and their
field dependencies are different for the two polarizations,
revealing the contrast of the two different sectors of dy-
namical structure factors. For hω ⊥ B the lower-lying
mode L1,⊥ has lower eigenenergies, and the absorption
lines are much sharper and stronger than those of its
counterpart L1,‖. Moreover, the eigenenergy of L1,⊥ does
not follow a linear field dependence, but a slower increase
with the increasing field. The slower increase is consistent
with the results of low-temperature specific heat mea-
surements (below 3 K) [25] where the thermodynamics
is presumably dominated by the lowest-lying excitations.
In contrast, the mode L2,⊥ in the sector of h
ω ⊥ B can be
described by the linear Zeeman term with g∗ = 10.2(2),
while the L2,‖ mode hardens evidently slower than lin-
ear with the field, although these two modes have simi-
lar linewidths. These modes could be the bound states
of fractionalized excitations [4–6], which are narrow and
can evolve from the excitation continuum as the time-
reversal symmetry is broken by the applied magnetic field
[41]. For the higher-energy bands L3,‖ and L3,⊥, the field
dependencies are also sensitive to the polarizations. To-
gether with the underlying continuum or as a part of
the continuum, their spectral weights are reduced in high
magnetic fields.
To conclude, terahertz spectroscopy as a function of
temperature and magnetic field reveals emergent mag-
netic excitations and continua in a field-induced QSL in
α-RuCl3. While two magnonic excitations evolving on
5top of a continuum are resolved in the magnetically or-
dered phase and well below the critical field, the QSL
is dynamically characterized by an emergent continuum
at the quantum criticality and various magnetic excita-
tions with distinct dependencies on field and polarization
above the quantum phase transition. Our results pave
the way to understand the dynamical behavior of the
QSL and provide constrains for a quantitative theoretical
description, e.g. via the identification of a realistic model
or by extending the Kitaev model with terms breaking
the time-reversal symmetry.
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